Introduction
Recently, cone-beam computed tomography (conebeam CT) has been developed 1) and applied to dental implants and endodontic treatment. [2] [3] [4] The accuracy of cone-beam CT images was reported to be high for linear measurements.
3) The resolution level achieved with smallvolume cone-beam CT, in which the voxel size is 0.1 × 0.1 × 0.1 mm, is higher in comparison with multislice CT.
3) Also, fine anatomical structures, such as the bifid mandibular canal in the mandibular ramus and accessory mental foramen, were clearly observed. [5] [6] [7] [8] [9] On the other hand, pixel or voxel values obtained from cone-beam CT images are not absolute values like CT values (Hounsfield Units: H.U.) obtained by whole-body CT. 3, 10) Therefore, morphometric analysis of trabecular cancellous bone in cone-beam CT images was performed using threedimensional bone morphometry software. 11, 12) The trabecular bone volume per total tissue volume (trabecular BV/ TV) was closely correlated with CT values obtained using multislice CT images, suggesting that the trabecular BV/ TV can be used to evaluate bone density. 12) Also, since the voxel size of cone-beam CT images was large compared with fine trabecular bones, trabecular bone surface per trabecular bone volume (BS/BV), trabecular bone thickness (Tb.Th), and trabecular separation (Tb.Sp) may not be real values.
12) The thickness and measurement accuracy of trabecular bone detected using CBCT images has not been fully clarified.
High contrast resolution of whole-body CT was evaluated using a phantom made of acrylic resin to test resolution with cylindrical holes from 0.5 to 3.0 mm in diameter.
13) The sizes of holes in a high contrast resolution phantom were larger in comparison with the fine voxel size of cone-beam CT. Quality control phantoms for conebeam CT has been proposed. 14, 15) In one of the phantoms, cylindrical holes from 0.2 to 1.0 mm in diameter were set to test resolution, and the depth of the holes was fixed. 15) Since resolution in the direction of depth could not be evaluated using the phantom, depth of holes must be provided for cone-beam CT with cubic voxels.
Moreover, three-dimensional stereolithography using a laser lithography simulation device and a binder jet method with powder materials has recently made progress, 16) and submicron stereolithography could be developed. 17, 18) The forms of the cylindrical holes in high contrast resolution phantoms were different from those of trabecular bones with a three-dimensional lattice.
In this study, trabecular bone structures with lattice were fabricated using three-dimensional microstereolithography, and phantoms with trabecular bone structures were applied for a quantitative evaluation of cone-beam CT images.
Materials and Methods

Mandibular para-trabecular bone structure
Morphometric analysis of mandibular trabecular bone was previously performed by histological examination and micro-CT. [19] [20] [21] [22] Therefore, in this study, the values of para-trabecular bone structures were designed referring to the values of Tb.Th and Tb.Sp. The width of the pillar corresponding Tb.Th was set at four levels; 0.10, 0.20, 0.30, and 0.40 mm, and the space of the lattice corresponding to Tb.Sp was set at 0.60 mm.
Phantoms of mandibular para-trabecular bone structure fabricated using micro-stereolithography
Three-dimensional models were fabricated using micro-stereolithography and a trader commission (Microsolidcreator, Sony, Kanagawa, Japan) and they were named phantoms of mandibular para-trabecular bone structure. A semiconductor laser beam (wave length: 375 nm) was used, and acrylic resin was used for microstereolithography. The coordinates of the phantom are given in Figs. 1 and 2. The seven square pillars were located parallel to the x-and z-axes and two planes were located in the y-axis. The width of the pillar was 0.10, 0.20, 0.30 and 0.40 mm at the edge, and the lattice space was 0.60 mm. The size of the x-z plane of the phantom 
Cone-beam CT images
X-and y-axes coordinates of phantoms were adjusted at the anterior region along two laser beams with a right angle in a cone-beam CT unit (Alphard VEGA, Asahi Roentgen Ind., Kyoto, Japan). Then, the center coordinate in laser beams was shifted 5 mm anteriorly to avoid a ring artifact. Also, the z-axis coordinate of phantoms was adjusted perpendicular to the floor base plane. The exposure volume of cone-beam CT was set at 51 mm in diameter and 51 mm high. The voxel size was 0.1 × 0.1 × 0.1 mm. The scan was set at 60 kV and 2 mA. Cone-beam CT at each setting was performed three times. The DICOM files of the x-y plane images were saved to a portable hard disk.
Image analysis
Cone-beam CT images in the x-y plane were analyzed on a computer (Macintosh G4, Apple Computer Inc., Cupertino, USA) using three-dimensional visualization and measurement software (OsiriX Imaging Software: The OsiriX Foundation, Geneva, Switzerland, http://www .osirix-viewer.com 23) ). After images of the x-z plane in each phantom were reconstructed corresponding to pillars in the y-axis (Fig. 4) , voxel values in the lattice space were plotted parallel to the x-and z-axes. Plot profiles were obtained in eight spaces parallel to the x-and z-axes (Fig.   5A ). The plot profile subsequently analyzed. The voxel value of the peak in each corresponding pillar was recorded, and the distance between neighboring peaks was measured (Fig. 5B) . In cone-beam CT performed three times, image reconstruction, measuring of the peak voxel value, and measuring the distance between peaks were repeated in the same way. Finally, the values of the peak and distance were averaged.
Results
Plot profile of voxel values
Images of x-z planes and plot profiles of voxel values in each phantom are shown in Fig. 6 . Seven peaks of the corresponding pillars in plot profiles of the x-and z-axes were not visually observed in the 0.10 mm phantom. As a result, voxel values of peaks and distances between peaks could not be measured. In the x-axis of the 0.20 mm phantom, peaks were not observed in three of 48 measurements (lines). However, seven peaks of the pillars were visually observed in the z-axis of the 0.20 mm phantom, and the x-and z-axes of the 0.30 and 0.40 mm phantoms.
Voxel values of peak corresponding to pillars
The average voxel values of peaks corresponding to pillars are shown in Table 1 . The voxel values in thick pillars were larger than those of thin pillars. Also, the voxel values measured parallel to the z-axis were larger in comparison with those of the x-axis. 
Distance between neighboring peaks
The average distances between neighboring peaks are shown in Table 2 . The differences between average measured and designed distances were very small in the 0.2 mm, 0.3 mm, and 0.4 mm phantom.
Discussion
Phantoms of mandibular para-trabecular bone structure
In each phantom, the width of the pillar (0.10, 0.20, 0.30 and 0.40 mm) corresponding to Tb.Th and lattice space (0.60 mm) corresponding to Tb.Sp were determined referring to the values of mandibular trabecular bone. [19] [20] [21] [22] Tb.Th was reportedly between 0.080 and 0.418 mm, with a mean of 0.191 mm (SD 0.054 mm) in morphometric analysis. 19 ) Also, Ariska et al. 20) reported that the mean Tb.Th was 0.189 mm, and the mean trabecular spacing (Tb.Spac) was 0.787 mm. Tb.Spac was the total of Tb.Th and Tb.Sp. Moreover, Ulm et al. 22) reported that the mean Tb.Th of the mandibular first molar region was 0.1659 mm in females and 0.1749 mm in males, while the mean Tb.Sp values were 0.7200 mm and 0.5827 mm, respectively.
Phantoms of mandibular para-trabecular bone structure with three-dimensional and elaborate patterns could be fabricated using micro-stereolithography; a fabrication of para-trabecular bone structure has not been reported. Here, a phantom with cylindrical holes was used to test high contrast resolution of cone-beam CT. 15) Since the form of the phantom differed from that of mandibular trabecular bone structure, depiction of trabecular bone could not be evaluated using the phantom. Therefore, depiction of the phantoms with mandibular paratrabecular bone structure was evaluated using cone-beam CT.
Depiction of the phantoms with mandibular paratrabecular bone structure
The cone-beam CT scan for adults was set at 80 kV and 8 mA, as recommended by the manufacturer. In the study, the scan for small and acrylic phantoms located in the air was set at 60 kV and 2 mA.
In the results, peaks of pillars in phantoms with 0.20, 0.30 and 0.40 mm pillars were visually observed. Also, the differences between average measured and designed distances were very small in the 0.20, 0.30 and 0.40 mm phantoms, and depiction of cone-beam CT was very accurate. It was considered that the results showed the resolution of the cone-beam CT unit, in which the voxel size was 0.1 × 0.1 × 0.1 mm, was consistent with the designed performance. When a phantom in which the diameter of holes was set at the same values as spaces between holes, the diameters of holes visually observed were from three to four times the voxel size. 15) This was considered due to the influence of a partial volume effect.
Two-and three-dimensional digital images, including cone-beam CT images were divided into a matrix, and the minimum unit was named as a pixel in two-dimensional images and a voxel in three-dimensional images. When a part of a pixel/voxel included an object in a digital radiographic images, a partial volume effect accorded. For example, the width of an object was 0.2 mm and the width of a voxel was 0.1 mm such as in the present study. If the object matched a voxel of an image, the object was held as two voxels. If the object was shifted to a voxel, three voxels were occupied, and a partial volume effect was observed in both end voxels. When an image with a partial volume effect was visually observed, the width of the object was larger than the actual object. Also, when a partial volume effect accorded, the values of both end voxels in the object may have decreased. In the present study, the voxel values in thin pillars were smaller than those of thick pillars. Also, the voxel values measured parallel to the z-axis were larger in comparison with those of the x-axis. These results could be related to the mechanics of the cone-beam CT unit, in which an X-ray tube and flat panel horizontally rotate around the object.
The phantoms could be applied to quality control and routine quality assurance programs for cone-beam CT units. Also, in small-volume cone-beam CT values obtained from morphometric analysis, 12) such as BV/TV and Tb.Th, may be useful for evaluation of bone density in dental implant treatment. Phantoms with various pillar widths and spaces could be used for evaluation of BV/TV and Tb.Th.
Further studies are needed to assess the following issues. First, the X-ray attenuation coefficient of phantoms made of acrylic resin is not close to that of bone. Also, acrylic resin phantoms are located in the air. Development of materials with X-ray attenuation coefficients of bone and new techniques of micro-stereolithography are needed and the phantom may need to be located under water in an in vivo study. Moreover, axes coordinate of phantoms were adjusted along those of the cone-beam CT unit as much as possible in this study. Since the direction of trabecular bone does not necessarily correspond to the axes of the unit in clinical practice, the influence of inclined objects needs to be evaluated.
Conclusion
Phantoms with mandibular para-trabecular bone structure fabricated using micro-stereolithography, were applied for a quantitative evaluation of cone-beam CT images. The plot profiles of phantoms with 0.20, 0.30 and 0.40 mm pillars were visually observed in cone-beam CT images. The phantoms could be applied to quality control, routine quality assurance programs, and morphometric analysis reference for cone-beam CT units. 
